The fact that rabbit hemorrhagic disease virus (RHDV), an important member of the Caliciviridae family, cannot be propagated in vitro has greatly impeded the progress of investigations into the mechanisms of pathogenesis, translation, and replication of this and related viruses. In this study, we have successfully bypassed this obstacle by constructing a mutant RHDV (mRHDV) by using a reverse genetics technique. By changing two amino acids (S305R,N307D), we produced a specific receptor-recognition motif (Arg-Gly-Asp; called RGD) on the surface of the RHDV capsid protein. mRHDV was recognized by the intrinsic membrane receptor (integrin) of the RK-13 cells, which then gained entry and proliferated as well as imparted apparent cytopathic effects. After 20 passages, the titers of RHDV reached 1 ؋ 10 4.3 50% tissue culture infectious dose (TCID 50 )/ml at 72 h. Furthermore, mRHDV-infected rabbits showed typical rabbit plague symptoms and died within 48 -72 h. After immunization with inactivated mRHDV, the rabbits survived wild-type RHDV infection, indicating that mRHDV could be a candidate virus strain for producing a vaccine against RHDV infection. In summary, this study offers a novel strategy for overcoming the challenges of proliferating RHDV in vitro. Because virus uptake via specific membrane receptors, several of which specifically bind to the RGD peptide motif, is a common feature of host cells, we believe that this the strategy could also be applied to other RNA viruses that currently lack suitable cell lines for propagation such as hepatitis E virus and norovirus.
Viruses are the major pathogens threatening human health. To investigate viral pathogenesis and develop schemes for the prevention and treatment of viral diseases, studies on the life cycles of specific viruses are essential. Furthermore, the possibility of culturing virus in vitro may greatly facilitate viral research studies. Extensive research studies have determined that various viruses can be stably propagated using specific host cell lines in vitro, but there are still many important viruses for which this is not possible such as hepatitis E virus (1) and norovirus (2) . Therefore, a solution to this problem would be of great significance to perform further studies on these viruses.
Rabbit hemorrhagic disease virus (RHDV) 2 belongs to the family Caliciviridae (3, 4) , a group of non-enveloped animal viruses that cause a highly contagious and lethal disease in rabbits that is strongly associated with liver degeneration and diffuse hemorrhages and has a high mortality rate of up to 90%. The disease was first described in 1984 in China (5) . To date, RHDV has rapidly spread across rabbit populations throughout Asia (6) , Europe (7), Australia (8) , and the Americas (9) , causing the deaths of millions of wild and domestic adult rabbits worldwide. The RHDV genome consists of a positive-sense singlestranded RNA molecule of 7,437 nucleotides with a virus-encoded protein (VPg) covalently attached to its 5Ј-end (3, 10) that acts as a novel cap substitute during the initiation of RHDV translation (11) . Its genomic RNA contains two slightly overlapping open reading frames (ORFs): ORF1 encodes a hypothetical primary translation product that gives rise to a major structural protein (VP60), the capsid protein, and several nonstructural proteins by proteolytic processes, and ORF2 encodes a minor structural protein (VP10) (3, 12) . Flanking the coding regions of RHDV is a 5Ј-terminal non-coding region of 9 nucleotides and a 3Ј-terminal non-coding region of 59 nucleotides, respectively. In the past 30 years, a suitable cell culture capable of supporting authentic RHDV has not been established, which in turn has greatly impeded the progress of investigations into the mechanisms of pathogenesis, translation, and replication of RHDV.
Integrins are a group of transmembrane heterodimeric proteins that are expressed on the surface of a variety of cells and mediate cell-cell and cell-extracellular matrix interactions by binding to corresponding ligands (13) (14) (15) . Proteins containing the Arg-Gly-Asp (RGD) motif can be recognized and bound by nearly half of the over 20 known integrins; therefore, the RGD site of various proteins plays a central role in cell adhesion biology (16, 17) . Numerous pathogenic microorganisms can also utilize the RGD-integrin recognition system to invade host cells (18) , including human papillomavirus-16 (19), Kaposi's sarcoma-associated herpesvirus (20) , reovirus (21) , herpes simplex virus-2 (22) , and adenovirus (18) . The VP1 protein of the footand-mouth disease virus (FMDV) is a protein containing an RGD site with cell attachment activity. The interaction of VP1 with cells is important because VP1 is the capsid protein of FMDV that mediates the virus internalization into cells, thereby initiating the infection process (23) . Based on these established facts, we hypothesize that the insertion of an RGD motif at the appropriate site of a mutated RHDV capsid protein for recognition by the natural receptors (integrins) expressed on the surface of host cells will allow its internalization and replication in host cells. Recently, the crystal structures of the S (shell) and P (protrusion) domains of RHDV VP60 have been revealed, and seven regions of high variation were also mapped onto the surface of the P2 subdomain (24) (Fig. 1A) , which then served as the theoretical basis of our hypothesis.
Here, we report a novel strategy for constructing an RHDV mutant that could be recognized by host cells and grow well in RK-13 cells. The rescued RHDV mutant not only showed similar biological characteristics to natural RHDV but also exhibited similar immunogenicity as the parent virus.
Results

Construction and characterization of pmRHDV
The overall strategy for the construction of the RHDV replicon is outlined in Fig. 1 . In our previous study, a full-length Figure 1 . Location of variation regions on the capsomer surface and schematic diagrams of the organization of pmRHDV. A, the seven variation regions (V1-V7) are highlighted in yellow (24) . JX/CHA/97 was used in this study, and the target amino acids are enclosed in a red box. Also shown are the locations of variation regions on the RHDV capsomer surface (24) . B, protein structure of the RGD mutation region as predicted by SWISS-MODEL online tools (44) . C, schematic diagrams of the organization of pmRHDV. The transcription of the mRHDV genome is driven by a T7 promoter, and the core sequence of the hepatitis delta virus ribozyme (HDV Rz) is placed immediately downstream of the viral poly(A) tract to ensure that the final transcripts have the correct 3Ј-end. The mutant nucleotide/amino acids are highlighted in red, and positions are also indicated (asterisks). D, the pmRHDV recombinant plasmid is identified by double enzyme digestion by PmlI and ClaI, and to ensure the presence of the RGD motif within the VP60 gene, sequence analysis was performed. Lane 1, pmRHDV recombinant plasmid digestion by pmlI and ClaI; lane 2, pmRHDV recombinant plasmid.
cDNA clone of RHDV was constructed (25) ; the replicon was driven by the T7 promoter, and the core sequence of hepatitis delta virus ribozyme was placed immediately downstream of the viral poly(A) tract to ensure that the final transcripts had the correct 3Ј-end. To introduce a recognition site for integrins within the capsid protein of RHDV, two amino acids were mutated (S305R,N307D) through site-directed mutagenesis (Fig. 1B) . As shown in Fig. 1C , the cDNA fragment containing the RGD sequence was inserted to displace the corresponding region (PmlI-to-ClaI) of pRHDV, and the final plasmid was named pmRHDV. Subsequently, the accuracy of the resulting pmRHDV plasmid was confirmed by sequencing (Fig. 1D) .
Recovery of the RHDV mutant from RK-13 cells
Transfected RK-13 cells that harbored the mutant RHDV exhibited cytopathic effects (CPEs) at 24 h post-transfection, which became more prominent at 72 h post-transfection ( Fig.  2A) . Antigen generation was subsequently confirmed by indirect immunofluorescence assay (IFA) as well as by Western blot assay using a VP60-specific antibody (Fig. 2, B and C) . At 24 h post-transfection, the major capsid protein VP60 was clearly detected in the cytoplasm of cells transfected with pmRHDV, and the expression quantity reached its peak at 72 h post-transfection (Fig. 2B) . To confirm that the rescued virus originated from the pmRHDV plasmid, after 20 passages in RK-13 cells, the viral RNA was detected by RT-PCR following by sequencing. The results showed that the target gene was not only present (Fig. 2D) but also contained the mutated RGD site (Fig. 2E) .
Growth kinetics
After 20 passages of the RK-13 cells, mRHDV titers were determined by using the 50% tissue culture infectious dose (TCID 50 ), which was 1 ϫ 10 2 TCID 50 /ml at 24 h.p.i.; after 48 h, the proliferation speed of mRHDV increased with a titer of 1 ϫ 10 3 TCID 50 /ml. Replication peaked at about 72 h (1 ϫ 10
TCID 50 /ml), which was followed by a gradual decrease in mRHDV titers (Fig. 3A) .
Electron microscopy
Electron microscopic observation of mRHDV particles negatively stained with phosphotungstate indicated that the mRHDV viral particles had a diameter of about 35 nm, which is The monoclonal antibody specific to VP60 was utilized as the primary antibody. Cell nuclei were stained with DAPI (blue); scale bars, 26 m. C, mRHDV capsid protein (VP60) was detected using a VP60-specific antibody. WT is the positive control, which was derived from a rabbit infected with the JX/CHA/97 RHDV strain. P10, P20, and P40 represent the 10th, 20th, and 40th generation of mRHDV that proliferated in the RK-13 cells, respectively. Blank RK-13 cells were used as the negative control. In addition, ␤-actin was used as an internal control. D, VP60 and VPg genes of mRHDV were amplified from mRHDV-infected RK-13 cells. ␤-Actin was also used as an internal control in this experiment. E, sequencing of PCR products showed that the RGD site was stably integrated into the genome of mRHDV after Ͼ40 passages of the RK-13 cells.
similar to the wild-type strain (Fig. 3B) . These results also demonstrate that we had successfully rescued the mRHDV mutant strain, and it was stably proliferating in RK-13 cells. The mRHDV mutant strain has been submitted to the China Center for Type Culture Collection (CCTCC) for preservation (Preservation Number V201501).
The mRHDV strains could infect rabbits and induce typical rabbit plague symptoms
After infecting with the mRHDV strain, 8-week-old rabbits exhibited classic symptoms of RHDV (JX/CHA/97) strain infection; the first deaths were observed at 36h h.p.i., and by 72 h, all rabbit had expired. Fig. 4A shows the autopsy results in which typical pathological changes similar to those caused by wild-type RHDV such as diffuse bleeding of tissues and organs, ring hemorrhage of the trachea, and hepatomegaly were observed. Moreover, immunohistochemical analysis indicated large amounts of RHDV virions in the tissues (Fig. 4B) . In addition, RT-PCR and sequencing of PCR products indicated the mRHDV RNA in post-mortem rabbit tissues (Fig. 4C ). These findings show that the target gene was not only present but also contained the mutated RGD site. Lastly, the tissue distribution of the mRHDV was analyzed by quantitative PCR, which showed that it was similar to that of the wild-type strains (Fig. 4D ).
mRHDV strain is safe for other animals
We have utilized mRHDV strains to infect 293T cells, Vero cells, BHK-21 cells, MDCK cells, and CRFK cells, and RT-PCR analysis indicated that the mRHDV strains do not infect other species of cells (Fig. 5, A and B) . Moreover, mice infected with mRHDV or the wild-type RHDV strain did not develop the classic symptoms of RHD and instead remained healthy throughout the course of the study (Table 1) . Furthermore, no histopathological changes were observed in the mRHDV-infected mice (Fig. 5C ), and RT-PCR analysis indicated the absence of the RHDV genome in the mouse tissues (Fig. 5D ), thereby demonstrating that the mRHDV strain does not proliferate in mice.
mRHDV strains proliferate in rabbit primary hepatocytes
Studies have shown that RHDV can infect rabbit primary hepatocytes, but only about 50% of these cells are infected (26) . Therefore, we analyzed the proliferation of mRHDV in hepatocytes. Rabbit primary hepatocytes were first infected with mRHDV, which then resulted in the appearance of CPEs at 48 h postinfection (Fig. 6A ). The generation of antigens was subsequently confirmed by IFA using a VP60-specific antibody. Fig.  6A shows that, at 48 h postinfection with mRHDV, VP60 was clearly detected in the cytoplasm of cells. After the mRHDV strains proliferated for 10 passages of the hepatocytes, VP60 was also detected by Western blot assay using a VP60-specific antibody (Fig. 6B) . Moreover, the viral RNA of mRHDV was detected by RT-PCR in mRHDV-infected hepatocytes (Fig.  6C ). After 10 passages of the hepatocytes, the virus titer of mRHDV, which was 1 ϫ 10 5.8 TCID 50 /ml at 72 h.p.i., was higher than the virus titer of RK-13 cells (Fig. 6D ). These findings indicate that mRHDV strains also have the ability to proliferate in primary hepatocytes. However, as the primary hepatocytes were not passaged in vitro, we selected the RK-13 cell line as the host cells for mRHDV proliferation.
Mechanism of mRHDV interaction with integrin
To analyze the mechanism underlying the entry of mRHDV into the host cell, we performed immunoprecipitation experiments with a VP60 antibody in RK-13 cells, and the resulting immunoprecipitated proteins were analyzed by mass spectrometry. The results indicated that the mRHDV capsid protein (VP60 RGD ) interacted with the ␣3␤1 integrin (Fig. 7A) . Subsequently, the interaction between VP60 RGD and ␣3␤1 integrin was verified by co-immunoprecipitation experiments (Fig. 7B ). In addition, blocking ␣3␤1 integrin resulted in a significant inhibition of viral replication in RK-13 cells (Fig. 7C ). Therefore, we believe that mRHDV makes use of its interaction with ␣3␤1 integrin to mediate entry into the RK-13 cells, which in turn subsequently allows viral replication and protein translation to proceed.
The inactivated mRHDV strain could induce high level antibody responses to RHDV
To investigate the immunogenicity of mRHDV, rabbits were immunized with inactivated mRHDV, which had undergone 20 passages in RK-13 cells, and antibody responses to RHDV were determined by indirect ELISA. Fig. 8 shows that all of the rabbits vaccinated with the inactivated mRHDV from groups I, II, and III produced antibodies against RHDV at 7 days after immunization, and the antibody levels were similar to those of the positive control animals, which were immunized with the commercial inactivated RHDV vaccine. Twenty-one days later, all of the rabbits were challenged intramuscularly with wildtype RHDV, which indicated that the protection rate of rabbit against wild-type RHDV of groups I, II, and IV was 40, 80, and 80%, respectively (Table 2 ). Most interesting is that all of the rabbits from group III were fully protected, whereas the rabbits from group V (negative control) died 48 -72 h after being challenged with virulent RHDV. These negative control animals exhibited the clinical symptoms of RHD.
Discussion
Viruses are small in size; however, they are capable of inflicting some of the deadliest diseases around the world. An efficient pathogen is one that has evolved successful ways to colonize host cells using complicated but well orchestrated mechanisms to enter cells, which is critical for replication and sustenance. Due to the complex mechanism of virus entry into host cells, there are still several important pathogens that have not been fully investigated because no suitable in vitro culture system has been developed for research studies on their life cycle, pathogenicity, and control. It is well known that RHDV can infect almost all kinds of rabbits and is associated with high mortality (27) . Thus, the rabbit and hare industries are seriously threatened by RHDV. Methods to elucidate the pathogenesis of RHDV as soon as possible and develop safe and effective vaccines against RHD are vital in the control and elimination of infectious diseases. However, no suitable cell line for proliferating RHDV in vitro has been identified, thereby impeding investigations on the pathogenesis of RHDV and the development of effective cell culture-derived vaccines. Indirect strategies that have been used in studying RHDV, including the identification of the histo-blood group antigen H type 2, A type 2, and B type 2 oligosaccharides as attachment factors (28, 29) . Moreover, other attachment factors or receptors may play roles at the epithelial level because a low expression of the carbohydrate receptor at the site of viral entry confers only partial protection against infection (28) . In addition, hepatocytes, the main cellular targets for viral replication, have been shown not to express histo-blood group antigen in young rabbits. However, the infection in young rabbits is accompanied by hepatic lesions due to viral replication, similar to that observed in adults (30 -32) . These findings indicate the existence of at least one additional hepatic cellular receptor(s) for RHDV. To date, no new receptors or factors for RHDV have been reported.
In the present study, we constructed a mutant RHDV containing two amino acid substitutions and allowed these to enter and grow in rabbit kidney epithelial cells (RK-13). The basis of our work is that the integrins of host cells can recognize the RGD peptide that is located at the surface of some microbial pathogens and thereby mediate entry of the pathogens into host cells. The integrin-RGD recognition system plays an important role in various cellular activities, including cell survival, proliferation, determination of morphology, attachment, migration, and angiogenesis (33) . In addition, integrins are essential for numerous other important biological events such as embryonic development (17) , tumor metastasis (34), wound healing (35) , and inflammatory responses (36) . Researchers have found that the integrin-RGD recognition system is utilized by various pathogenic microorganisms such as FMDV and adenoviruses to infect host cells (21, 23) . In the present study, we demonstrated that mRHDV makes use of its interaction with ␣3␤1 integrin to mediate entry of the mutant strain into RK-13 cells, thereby allowing viral replication and translation to begin. The ␣3␤1 integrin also plays a crucial role in viral infection by Kaposi's sarcoma-associated herpesvirus (37) . The successful determination of the atomic model of RHDV is the other important theoretical basis of our research; we found that the V1 region (amino acids 301-311) is situated on the surface of the capsid protein, and an RGD site could be produced in this region by mutating two amino acids (Fig. 1) without changing the biological characteristics of RHDV.
We successfully rescued the mRHDV, which not only was sensitive to RK-13 cells but could also be continuously passaged in the cell line. Our results showed that mRHDV grew well in RK-13 cells after at least 40 passages. We also assessed the pathogenicity and immunogenicity of mRHDV, which showed that mRHDV could infect adult rabbits and produce clinical symptoms similar to those of wild-type RHDV. More importantly, the inactivated mRHDV could induce a high level of humoral immune response in rabbits as well as protect the immunized animals from infection by the wild-type virus, thereby indicating that the mutant virus may be potentially utilized in the development of an RHDV vaccine. Currently, commercially available vaccines are produced by the chemical inactivation of crude virus preparations obtained from the organs of infected rabbits (38) . Although highly effective for controlling RHD, the type of vaccine often raises serious concerns about biological safety, contaminant residues, and animal welfare (39) . Over the past decade, several RHDV genetically engineered vaccines have been developed (40 -43). However, these systems have problems such as a relatively low level of expression, high cost, or limitations related to the environmental release of genetically modified organisms. If mRHDV is eventually utilized as a vaccine strain, then this will significantly reduce the cost of vaccines as well as avoid animal welfare problems.
In conclusion, on the basis of the integrin-RGD recognition system, we have successfully obtained mRHDV strains that inherit the biological characteristics of the parent virus and have the ability to proliferate in vitro. The mutant strains will greatly facilitate molecular biological research of RHDV as well as the development of related vaccines. In addition, this novel strategy provides a new way of resolving the in vitro culture challenges associated with the proliferation of norovirus, hepatitis E virus, and other important RNA viruses.
Experimental procedures
Ethics statement
All experiments were performed in a biosafety level 2 laboratory. All experiments involving rabbits and mice were conducted in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the Ministry of Science and Technology of the People's Republic of China, and all efforts were made to minimize suffering. All animal procedures were approved by the Institutional Animal Care and Use Committee of the Shanghai Veterinary Research Institute, Chinese Academy of Agricultural Sciences, Shanghai, China (Permit Number SHVRIAU-16-0106).
Cells, virus, antibody, and plasmids
Rabbit kidney cells (RK-13, ATCC CCL37), primary hepatocytes of rabbit (PriCells, Wuhan, China), 293T cells (ATCC, CRL-3216), Vero cells (ATCC, CCL-81), BHK-21 cells (ATCC, CCL-10), MDCK cells (ATCC, CCL-34), and CRFK cells (ATCC, CCL-94) were grown in minimal essential medium (Life Technologies) or Dulbecco's modified Eagle's medium (DMEM) (Life Technologies) supplemented with 10% fetal bovine serum (FBS) in 5% CO 2 at 37°C, respectively. The parental RHDV JX/CHA/97 strain (GenBank TM accession number DQ205345) was isolated in 1997 from an RHDV outbreak in China and stored in our laboratory. The titer of the wild-type virus was 1 ϫ 10 3 LD 50 /ml. The RHDV JX/CHA/97 strain was used as the wild-type virus control in this study. Viral cDNA was synthesized as described elsewhere (25) . The recombinant plasmid pRHDV that contained the full-length genome Figure 6 . mRHDV has an ability to infect rabbit primary hepatocytes. A, at 48 h post-infection, cytopathic effects were observed in the rabbit primary hepatocytes infected with mRHDV. VP60 expression was also detected by IFA in those cells. The monoclonal antibody specific to VP60 was used as the primary antibody. Cell nuclei were stained with DAPI (blue). Rabbit hepatocytes not infected with mRHDV were used as blank. Scale bars, 26 m. B, the mRHDV capsid protein (VP60) was detected and incubated with the specific antibody against VP60. WT, which was used as a positive control, was derived from a rabbit infected with the JX/CHA/97 RHDV strain. P5 and P10 represent for the 5th and 10th generation of mRHDV that proliferated in the rabbit hepatocytes, respectively. The blank hepatocytes were used as a negative control. ␤-Actin was used as an internal control. C, the VP60 gene of mRHDV was detected in mRHDV-infected hepatocyte cells by PCR. WT, which was used as a positive control, was derived from liver tissues of a rabbit infected with the JX/CHA/97 RHDV strain. M, DNA ladder. ␤-Actin was used as an internal control. D, the one-step growth curve of mRHDV in hepatocytes. The RHDV JX/CHA/97 strain was used as the wild-type strain control. Error bars represent S.D.
of RHDV was prepared in our previous study (25) . mAb specific to VP60 was also prepared in our laboratory. mAbs to integrin ␣3 (ab140919) and integrin ␤1 (ab115146) were purchased from Abcam, UK. In addition, mAb to ␤-actin (MA5-15739) were purchased from Invitrogen.
Construction of the recombinant virus
The construction of RHDV was as described previously (25), and the construction of mRHDV mutant viruses is illustrated in Fig. 1C . The full-length cDNA clone of RHDV was assembled into a pBluescript II SKϩ vector with unique restriction sites naturally found within the viral sequence, and a T7 RNA promoter was fused to the genome (25) . To produce a specific RGD site in the capsid protein of RHDV, two amino acids within the first variation region (V1; amino acids 301-310) were mutated (S305R,N307D) using the following site-directed mutagenesis strategy. As shown in Fig. 1C , two fragments, covering nucleotides 6122-6226 and 6211-7378, respectively, were amplified from pRHDV using two pairs of specific primers: Pml-F (5Ј-TTCCACGTGCAACAGGCATTG-3Ј) and RGD-R (5Ј-GGT-GGAGCTGTCCCCACGATA-3Ј) and RGD-F (5Ј-GCAAGT-TATCGTGGGGACAGC-3Ј) and ClaI-R (5Ј-CCCATC-GATTCAAACACTGGA-3Ј). Then the above two PCR products were fused together through overlap PCR using the primer set Pml-F and ClaI-R. Subsequently, the fused fragment containing the RGD site was substituted for the PmlI-to-ClaI region in pRHDV. The recombinant plasmid was named pmRHDV. Lastly, pmRHDV was transfected into RK-13 cells, which were infected with poxviruses expressing T7 RNA polymerase at an m.o.i. (based on the virus titer in chick embryo fibroblasts) of 0.5-1.0 pfu/cell using Lipofectamine 2000 according to the manufacturer's instructions (Invitrogen). To In addition, M is protein marker, and NC is the negative control, RK-13 cells not infected with mRHDV. B, the interaction between mRHDV capsid protein and ␣3␤1 integrin was confirmed by immunoprecipitation (IP). C, the effect of interrupting the interaction between VP60 and ␣3␤1 integrin on the infectivity of mRHDV in RK-13 cells. Student's t test and analysis of variance were used in the statistical analyses. p Ͻ 0.01 indicates that the difference is highly statistically significant (**).The experiments were conducted in triplicate, and similar results were obtained from three independent experiments. analyze protein expression, cells were harvested 24 h posttransfection for Western blot analysis and RT-PCR.
RT-PCR for mRHDV genome and sequencing
RNA from the recombinant and parental viruses was purified using an RNeasy extraction kit (Qiagen). Then a 900-bp fragment, which included the RGD nucleotide sequence, was amplified by RT-PCR using the primers RHDV-F (5Ј-ACTGC-TACCACAGCATCAGTT-3Ј) and RHDV-R (5Ј-AAACTGG-AGCACGTTGGT-3Ј). The RT-PCR products were sequenced by Jie-Li Biology, Shanghai, China.
RT-PCR quantification
The VP60 RNA copy number of RHDV in tissues or cells was estimated by quantitative real-time reverse transcription-polymerase chain reaction (qRT-PCR). For normalization of mRNA abundance, GAPDH in each sample was quantified and compared. Total RNA was isolated from the samples using TRIzol reagent (Invitrogen) according to the manufacturer's instructions. The DNA was removed from the isolated RNA using DNase I (Takara, Japan), and then cDNA was produced using Moloney murine leukemia virus reverse transcriptase (Promega) and random hexamers. qRT-PCR was conducted in a 20-l reaction system that consisted of 10 l of SYBR Green PCR mixture (Takara), 1 l of cDNA (100 ng), 0.4 M qRHDV-F primer (5Ј-TTGTTTGTGATGGCMTCGGGT-3Ј), and 0.4 M qRHDV-R primer (5Ј-GCGAACATGATGGGTGTGTT-CTT-3Ј). The GAPDH gene was detected by using primers qGAPDH-F (5Ј-AGGGCTGCTTTTAACTCTGGTAAA-3Ј) and qGAPDH-R (5Ј-CATATTGGAACATGTAAACCATGT-AGTTG-3Ј). Each qRT-PCR was conducted with three biological replicates. Amplification was conducted using a Mastercycler ep realplex real-time PCR system (Eppendorf, Germany) with the following conditions: 95°C for 10 min followed by 40 cycles of 95°C for 15 s, 58°C for 45 s, and 72°C for 45 s and a melting curve analysis of 95°C for 15 s, 60°C for 30 s, and 95°C for 15 s.
IFA
IFAs were used to detect viral protein expression in RK-13 cells and rabbit hepatocytes, which were infected with mRHDV strain at an m.o.i. of 1. The cells were fixed in 3.7% paraformaldehyde in PBS, pH 7.5, at room temperature for 30 min and subsequently permeabilized by incubating in Ϫ20°C methanol for 30 min. The fixed cells were blocked with 5% (w/v) nonfat milk in PBST buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 , and 0.1% Tween 20, pH 7.4) for 3 h at 4°C and then stained at 37°C for 2 h with a specific mAb of VP60 (1:1,000 dilution). After washing three times for 10 min each, the cells were incubated with rabbit anti-mouse immunoglobulin G conjugated to fluorescein isothiocyanate (SigmaAldrich) (1:2,000 dilution) in PBST for 1 h at room temperature. Finally, after washing three times for 10 min each, the samples were observed under a fluorescence microscope equipped with a video documentation system (Nikon).
Detection of VP60 expression
The RK-13 cells and the rabbit primary hepatocytes were infected with the mRHDV mutant strain or mock-infected (PBS) at an m.o.i. of 1. Proteins were isolated from the cells using radioimmune precipitation assay lysis buffer (50 mM Tris, 150 mM NaCl, 1% Nonidet P-40, and protease inhibitor mixture; Beyotime, P0013F). Protein samples were separated by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose membranes (Hybond-C, Amersham Biosciences) using a semidry transfer apparatus (Bio-Rad). Membranes were blocked with 5% (w/v) nonfat milk in TBST buffer (150 mM NaCl, 20 mM Tris, and 0.1% Tween 20, pH 7.6) for 3 h at 4°C and then stained at 4°C overnight with a VP60 mAb (1:2,000 dilution). After washing three times for 10 min each, the membranes were incubated with rabbit anti-mouse immunoglobulin G conjugated to horseradish peroxidase (HRP) (Sigma-Aldrich) (1:5,000 dilution) in PBST for 1 h at room temperature. Finally, after washing three times for 10 min each, the samples were detected by using an automatic chemiluminescence imaging analysis system (Tanon). In addition, the ␤-actin protein was used as an internal control.
Virus titration
To detect the growth kinetics of mRHDV, the RK-13 cells or primary hepatocyte cells were cultured in 96-well plates and then infected at an m.o.i. of 0.003 TCID 50 /cell with stocks of the viruses generated after 20 passages of RK-13 cells. After 2 h of incubation, the cells were washed twice, and fresh growth medium was added. The cells were incubated at 37°C in a humidified 5% CO 2 atmosphere and observed daily for the appearance of CPEs. From the onset of CPEs, the titers of the rescued viruses were determined by TCID 50 at 12, 24, 36, 48, 60, 72, 84, and 96 h postinfection. In addition, the RHDV JX/CHA/97 strain was used as the wild-type virus control.
Electron microscopy
The mRHDV particles purified from the supernatant of infected RK-13 cells via sucrose gradient centrifugation were diluted in Tris and MgCl 2 buffer. The samples were applied to glow-discharged carbon-coated grids for 2 min and negatively stained with 2% (w/v) aqueous uranyl acetate. Micrographs were recorded with a JEM-1230 electron microscope (Philips, Netherlands). The RHDV JX/CHA/97 strain was used as a positive control.
Animal infection assay
Nine eight-week-old New Zealand White rabbits that lacked anti-RHDV antibodies were purchased from the Qingdao Kangda Biological Technology, China and housed under specific pathogen-free conditions. Fifteen adult BALB/c mice between 6 and 8 weeks of age that also lacked anti-RHDV antibodies were purchased from the Laboratory Animal Centre of Shanghai Veterinary Research Institute, Chinese Academy of Agricultural Sciences, China and raised in specific pathogenfree isolation cages. The rabbits and mice received humane care in compliance with the guidelines of the Animal Research Ethics Board of Shanghai Veterinary Research Institute, Chinese Academy of Agricultural Sciences. The details of the animal experiment are presented in Table 1 . All animals were continuously observed for clinical symptoms and maintained in appropriate care facilities for 2 weeks. Dead animals were immediately dissected, and each organ was stored at Ϫ30°C. The surviving animals were euthanized via intravenous injection of sodium pentobarbital. All of the animals were necropsied, and the serum and organs were collected and stored at Ϫ30°C. For histopathological examination, the tissues were fixed in 10% neutral buffered formalin, sectioned, and stained with hematoxylin and eosin. Alternatively, immunohistochemical analysis was performed using a VP60 mAb. In addition, the RHDV JX/CHA/97 strain was used as a positive control.
Biological safety assay
RK-13 cells, 293T cells, Vero cells, MDCK cells, BHK-21 cells, and CRFK cells were seeded into 6-well plates, and confluent monolayers (1 ϫ 10 6 cells) were mock-infected with PBS or infected with mRHDV at an m.o.i. of 1, respectively. All of the cells were continuously observed for CPEs and maintained in appropriate culture conditions for 96 h. RT-PCR was performed for the detection of RHDV using the method described earlier.
Immunization experiments and viral challenge
Twenty-five 8-week-old New Zealand male rabbits that were seronegative for RHDV were randomly distributed into five groups (n ϭ 5 in each group) and raised in individual ventilated cages. All experimental protocols were reviewed and approved by a state ethics commission. Animals from groups I-III were subcutaneously vaccinated with 1, 2, and 3 ml of the inactivated mRHDV (1 ϫ 10 4.3 TCID 50 ), respectively, in Freund's complete adjuvant. Meanwhile, animals of groups IV and V were subcutaneously vaccinated with a dose of a commercial killed-RHDV vaccine (Nanjing Tianbang Bio-industry Co., Ltd., China) and PBS, respectively. All of the groups were immunized at day 0. Blood samples were collected from the marginal ear vein before each immunization and 3 weeks after the last injection to analyze the level and specificity of the antibody response against RHDV. Antibody titers were assessed using ELISA. Briefly, RHDV virus (JX/CHA/97 strain) (100 l; 1 g/ml; incubated overnight at 4°C) were used to capture antibodies in the sera (incubated for 1 h at 37°C), which then were detected with 100 l of HRP-conjugated mouse anti-rabbit IgG (Sigma)/well (diluted 1:5,000 in PBS containing 0.5% Tween 20 and 10% FBS) followed by 100 l of tetramethylbenzidine liquid substrate (Sigma)/well for 30 min at room temperature in the dark. Endpoint titers were defined as the highest plasma dilution that resulted in an absorbance value (at A 450 ). Data were presented as log 10 values. In addition, all of the rabbits then were challenged intramuscularly with 1,000 LD 50 of RHDV 21 days after immunization. The rabbits were clinically examined daily for 7 days after the challenge.
Immunoprecipitation assay
Protein lysates from the RK-13 cells were infected with mRHDV at an m.o.i. of 1 or with RHDV at 1 LD 50 . The immunoprecipitation assay was performed with a co-immunoprecipitation kit (Pierce) according to the manufacturer's instructions.
Mass spectrometry
The Proteome Analysis Center of Shanghai Life Sciences Research Institute, Chinese Academy of Sciences, performed all mass spectrometry (MS) analysis.
Infection of mRHDV in the presence of blocking antibodies
RK-13 cells were incubated with ␣3 integrin antibodies (5 g/ml), ␤3 integrin antibodies (5 g/ml), ␣3 ϩ ␤3 integrin antibodies (5 g/ml), control serum (mouse IgG; 5 g/ml), or cell culture medium (minimal essential medium), respectively, for 1 h at 37°C, and mRHDV (an m.o.i. of 1) or RHDV (JX/CHA/ 97) (1 LD 50 ) was added to these cells for attachment at 37°C. After 2 h of incubation, the cells were washed extensively with PBS, fresh culture medium was added, and the cells were kept for another 24 h at 37°C. Then qRT-PCR was performed to detect RNA copies of RHDV as described earlier.
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